Seagrass meadows, which mediate ocean acidity and turbidity, sequester carbon, and increase biodiversity by providing shelter for larvae and small fish, are among the fastest disappearing ecosystems worldwide. Seagrasses are ecosystem engineers, creating distinct regions of enhanced and diminished flow and turbulent mixing, dependent upon canopy physical parameters, such as canopy density and blade morphology, which in turn impact the transport of pollen, sediment, and nutrients. The health and resilience of seagrass meadows increase with intraspecies genetic diversity, which depends on successful sexual reproduction and the transport of pollen particles between reproductive shoots, which in turn depends on the hydrodynamic conditions created by the meadow. This paper explored the transport of pollen grains in seagrass meadows using a random walk model. The model was parameterized with profiles of mean velocity and eddy diffusivity derived as functions of shoot density, canopy height, canopy shear velocity, canopy drag coefficient, and blade width, and validated with experimental measurements of a tracer plume evolving in a submerged model canopy. Model results showed that release at the top of the canopy led to significantly greater dispersal than release within the canopy, which was consistent with observed patterns of genetic diversity in Zostera marina seeds collected from coastal Massachusetts meadows. Specifically, seeds produced from upper inflorescences had greater allelic richness than seeds from lower inflorescences on the same reproductive shoot, and were the product of a greater number of fathers, reflecting the greater in-canopy pollen movement farther from the bed. Pollen grains modeled with a realistic elongated shape experienced significantly higher rates of capture by the canopy relative to spherical grains of the same volume. The effect of submergence depth (the ratio of water depth to canopy height) on pollen dispersal depended on the nature of the surface boundary: when Follett et al.
INTRODUCTION
Seagrasses are a foundation species in nearshore coastal ecosystems, forming highly productive meadows that provide structured habitat for many fish, invertebrate and bird species (Bruno and Bertness, 2001; Williams and Heck, 2001; Barbier et al., 2011) . In addition to ecosystem services related to productivity and biodiversity (Unsworth et al., 2010) , dense seagrass meadows also reduce bed shear stress, which increases sediment retention, and in some situations promote carbon sequestration (Duarte et al., 2013) . Unfortunately, the area covered by seagrass meadows continues to decline, with an annual decrease of 7% since 1990 (Waycott et al., 2009; van Katwijk et al., 2016) . A recent meta-analysis of meadow restoration found that only 37% of restoration efforts were successful, highlighting the importance of supporting existing meadows before collapse occurs (van Katwijk et al., 2016) . Seagrasses are rhizomatous; like terrestrial grasses, they reproduce both clonally and sexually (i.e., from seeds). Seagrass pollination typically occurs without the use of an animal vector, with pollen release, transport, and capture all occurring within the water column (Ackerman, 1995; Kendrick et al., 2012) . Sexual reproduction is critical for the establishment of new meadows and for genetic diversity, which improves meadow resilience (Hughes and Stachowicz, 2004; Hughes et al., 2008; Kendrick et al., 2012) . Genetically diverse, outcrossed seeds are produced by pollen that travels beyond the area dominated by its parent clone and is captured by a mature flower of a separate genetic individual. Pollen that is captured on reproductive structures of its parent plant or vegetative blades may fail to produce viable seeds, while pollen that escapes the canopy and is transported downstream beyond the extent of the canopy will have a lower likelihood of successful pollination. Because hydrodynamic transport is a crucial link in this process, pollination depends on the canopy physical parameters that influence the velocity profile within and above the meadow, such as the canopy frontal area density, canopy height, and submergence depth (the ratio of water depth to canopy height).
The drag produced by seagrass blades attenuates flow within the canopy, creating a zone of low velocity close to the bed, with higher velocity above the canopy (Ackerman and Okubo, 1993; Ghisalberti and Nepf, 2002; Nepf, 2012) . The magnitude of near-bed flow reduction depends on the canopy frontal area density (a) and the canopy height (h). Seagrass blades are flexible, and reconfigure (bend) in response to current, with meadow height decreasing with increasing current speed. The mean meadow height can be predicted from meadow morphology and current speed (see Equation 4 in Luhar and FIGURE 1 | Schematic of time-averaged mixing layer velocity profile u(z) within a submerged canopy. The canopy height is h. The time-mean velocity at the bed and far above the canopy are denoted u 1 and u 2 , respectively, with u = u 2 − u 1 . The mixing layer extends between z 1 and z 2 (t ml = z 2 − z 1 ), with endpoints defined by u tml − u 1 / u = 0.01 and u 2 − u tml / u = 0.01, with u tml = u 1 + u 2 /2. Nepf, 2013) . When the canopy has sufficient non-dimensional density (ah > 0.1, ah = frontal area per bed area), the velocity profile resembles a mixing layer, with a hyperbolic tangent profile present between the vertical positions z 1 and z 2 , defined by the canopy density (Figure 1 , Ghisalberti and Nepf, 2002) . In the temperate seagrass Z. marina, or eelgrass, the blade density falls within this high-density regime (ah = 0.1-3, based on data provided in Dennison and Alberte, 1982; Chandler et al., 1996; Moore, 2004; McKone, 2009; Lacy and WyllieEcheverria, 2011; Infantes et al., 2012; Hansen and Reidenbach, 2013; Reidenbach and Thomas, 2018) . As the shoot density increases, the vertical extent of the mixing layer region inside the canopy is reduced (increasing z 1 , Figure 1 ) and the thickness of the mixing layer (t ml = z 2 − z 1 ) is also reduced. In the upper canopy (z > z 1 in Figure 1 ), the turbulence is dominated by canopy-scale vortices, which form in the shear layer at the top of the canopy. The canopy-scale vortices significantly enhance vertical turbulent diffusion in the upper canopy. For dense canopies, the canopy-scale vortices do not penetrate to the bed, and in the lower canopy (z < z 1 , Figure 1 ) the turbulence is dominated by much smaller blade-generated vortices, which results in a much smaller vertical turbulent diffusion (Luhar et al., 2008; Nepf, 2012) .
Seagrass pollen has a filamentous shape, with Z. marina pollen length L p = 3 to 5 mm and diameter B p = 7.5e − 6 m (Ackerman, 1997) . The filamentous shape enhances the capture efficiency relative to spheroid pollen (de Cock, 1980; Ackerman, 2002) . Z. marina is monoecious and selfcompatible, producing spadices with both male and female flowers that develop acropetally along each reproductive stalk (Ackerman, 2006) . Flowering shoots are slightly taller than vegetative shoots (Ackerman, 2002) . Within each spathe, flower development is protogynous, which prevents self-fertilization at the scale of the inflorescence, although geitonogamy may occur across flowering shoots that are part of the same clone (e.g., Reusch, 2001; Rhode and Duffy, 2004) . Successful seed production requires pollen movement among spathes and flowering shoots, and the movement of pollen is expected to be highly dependent on the location of release within the canopy, and the canopy-and landscape-scale flow structure (Kendrick et al., 2012; Follett et al., 2016) .
In this paper, we numerically simulated the trajectory of individual pollen grains to examine factors that impact pollen transport and capture in a seagrass canopy, focusing on the dominant seagrass species in the northern hemisphere, Z. marina, or eelgrass. Previous work has considered the dispersal of floating seagrass seeds and propagules, including rafted seeds of Z. marina, which are spread via large-scale coastal currents (Kallstrom et al., 2008; McMahon et al., 2014; Grech et al., 2016) . Here we consider transport at the meadow scale, including the vertical turbulent diffusion that carries pollen out of and into a submerged meadow. The simulation was used to explore the impact of submergence depth and pollen release height. The effect of pollen shape was also investigated, building upon previous studies of the role of filiform pollen (Ackerman, 1995 (Ackerman, , 2000 . Finally, the transport trends were related to observed genetic diversity in seeds produced from paired inflorescences located at higher and lower vertical positions on the same Z. marina reproductive shoot. Recruitment from seeds is increasingly recognized as important for seagrass population dynamics as well as genetic connectivity (Kendrick et al., 2012) ; thus a more detailed consideration of the hydrodynamic influences on pollen transport can improve our understanding of the processes underlying successful sexual reproduction in seagrasses, and in doing so enhance future investigations of meadow genetic diversity, clonal structure and demography.
METHODS
This study explored the dispersion of negatively buoyant particles (representing pollen) using a random displacement model (RDM) to simulate the trajectory of individual pollen grains. Within the model, the velocity profile u(z) and eddy diffusivity profile K z (z) were predicted from canopy physical properties, including the canopy height, shoot density, blade width, and shear velocity at the top of the canopy, which is equal to the square root of the Reynolds stress at the top of the canopy, Follett et al., 2016) . Experimental observations of velocity and turbulent diffusivity in a series of rigid and flexible submerged model canopies (Ghisalberti and Nepf, 2002 , 2004 , 2005 , 2006 Lacy and Wyllie-Echeverria, 2011) were used to validate the modeled profiles of time-mean velocity and eddy diffusivity.
Vertical Profiles of Velocity and Eddy Diffusivity Used to Parameterize RDM
The model used coordinates (x, y, z) aligned with the current, in the cross-stream direction, and normal to the bed, respectively (Figure 1) . The velocity vector − → u = (u, v, w) corresponded to the coordinates x, y, z , respectively. An overbar denotes a time-average. The model only considered dense canopies (ah 0.1), representative of many Z. marina meadows (e.g., Dennison and Alberte, 1982; Chandler et al., 1996; Moore, 2004; McKone, 2009; Lacy and Wyllie-Echeverria, 2011; Infantes et al., 2012; Hansen and Reidenbach, 2013; Reidenbach and Thomas, 2018) . For a dense canopy, the velocity profile within and above the canopy resembles a mixing layer, with a hyperbolic tangent profile centered slightly above the top of the canopy (Ghisalberti and Nepf, 2002) :
Here, u 1 and u 2 are the velocities at the limits of the mixing layer, z 1 and z 2 , respectively, and u = u 2 − u 1 (Figure 1) . The momentum thickness of the mixing layer, θ , is related to the physical thickness of the mixing layer t ml = z 2 − z 1 = 7.1θ (Ghisalberti and Nepf, 2002) . As summarized below, the empirical constants included in the mixing-layer profile (Equation 1) were estimated using measurements over nine rigid and six flexible canopies, with different frontal area density and depth-averaged velocity, the details of which are given in Ghisalberti and Nepf (2002 , 2004 , 2005 , 2006 . The height of the flexible canopies was defined as the maximum blade height as determined from video footage (Ghisalberti and Nepf, 2006) . First, the velocity difference across the mixing layer ( u = u 2 − u 1 ) is correlated with shear velocity at the top of the canopy, u * Specifically, u = Table 1 , Ghisalberti and Nepf (2006) . Third, the extent of the mixing layer region t ml = h−z 1 0.38 . For submergence depths less than H/h = 2, the mixing layer is restricted by the water surface, and the penetration of the mixing layer into the canopy is limited to the distance H −h from the top of the canopy (Nepf and Vivoni, 2000) , so that for H/h ≤ 2, the mixing layer extends from z 1 = h − (H − h) to the water surface (z 2 = H). Fourth, the velocity in the lower canopy, u 1 , is related to the velocity at the top of the meadow, u h . Specifically, the ratio (Ghisalberti and Nepf, 2006) . Finally, the velocity difference across the mixing layer ( u), normalized by the velocity at the top of the canopy u h , is a function of the frontal area per canopy volume a and the stem diameter d ( u u h = 6.8 ad 0.42 , Ghisalberti and Nepf, 2004) .
In order to construct velocity profiles using Equation (1), z 1 was first found using C D ah. Next, u * or u was chosen to define a Relations used to construct u profile for flexible canopies:
(C) canopy parameters: Physical parameters (C) of the canopies considered in this paper Nepf, 2005, Lacy and Wyllie-Echeverria, 2011) are presented. specific flow condition, and u h , u 1 , and u 2 were found using the fitted relations described above. The vertical profile of eddy diffusivity is divided into two regions. In the lower canopy (z < z 1 ), the eddy diffusivity scales with the size of the vegetation elements, L v , which here is the seagrass blade width. For conditions that produce turbulence in the blade wakes (
> 100, with ν the kinematic viscosity of water), the vertical eddy diffusivity is K z = (0.17 ± 0.08) uL v (Lightbody and Nepf, 2006) . Within the mixing layer (h ≥ z ≥ z 1 ), canopy-scale vortices elevate K z . The eddy diffusivity peaks at z = h and scales with the mixing layer thickness, t ml , and velocity difference, u (K h = 0.032 ut ml , Ghisalberti and Nepf, 2005) . When the submergence depth is low (H/h 5), the eddy diffusivity has a constant value (K z = 0.013 ut ml ) above the mixing layer (z > z 2 ) (Ghisalberti and Nepf, 2005) . The eddy diffusivity was assumed to follow a linear function between the regions of constant diffusivity (z 1 > z > z 2 ) and z = h. An example of a K z profile is included in Figure 1 . Lateral transport was assumed to be dominated by blade-scale turbulence, so that the lateral diffusivity was assumed to be equal to K y = (0.17 ± 0.08) uL v . For validation of the method, the vertical profiles of velocity and diffusivity predicted from the above relationships across a range of canopy densities are compared to measured velocity and eddy diffusivity from experiments reported in Ghisalberti and Nepf (2005, Figure 2 ). On average, the predicted profiles agreed with the measurements to within 10%.
Random Displacement Model (RDM) for Particle Transport
Within the random displacement model (RDM), individual particles originated at a specific source height within the meadow (0 < z < h) and were tracked until they deposited on the canopy, settled to the bed, or left the model domain. The size of the model domain in the directions (x, y, z) was (200h, 20h, H). In each time-step ( t) the position of the particle (x p , y p , z p ) advanced longitudinally with the mean velocity u(z) and vertically due to both settling (w s ) and turbulent eddy velocity (w ′ ). The equations used to model the particle position were (Wilson and Sawford, 1996) : The last term in (3) and (4) represents transport by turbulent
respectively, with R y , R z random numbers drawn from a normal distribution with mean 0 and standard deviation 1. The vertical transport (Equation 4) also included a drift correction, or pseudo-velocity, associated with the vertical variation in diffusivity (dK z /dz). The pseudo-velocity term prevented the artificial accumulation of particles in regions of low diffusivity (Durbin, 1983; Wilson and Yee, 2007) . The formulations for u (z), K y (z) and K z (z) were described in the section Vertical Profiles of Velocity and Eddy Diffusivity used to Parameterize RDM. The particle position was saved at every time-step. The constant model time-step, t, was constrained so that the vertical particle excursion within each time-step was much smaller than the scale of vertical gradients in the diffusivity and velocity (Israelsson et al., 2006) . Within the canopy, both the velocity and diffusivity varied over length scales of approximately 0.1h. Within each time-step, after a particle was moved, the position was assessed to determine if the particle had settled to the bed (z p,i = 0), reached the water surface (z p,i = H), traveled beyond the model domain (x p,i > 200h, y p,i > 20h), or deposited to the canopy.
Z. marina pollen contains a sticky coating, increasing adherence to surfaces contacted by the pollen grains (de Cock, 1980) . Based on this, the canopy capture model used for this study assumed that all pollen particles contacting vegetation surfaces were captured and ceased further transport. Canopy deposition was described as the probability of capture of one particle in one time-step, found from the probability that the particle was located upstream of the projected area of a blade, multiplied by the capture efficiency, or the fraction of particles removed from the volume of water passing the projected area of the blade (Palmer et al., 2004) . The probability that the particle was upstream of the projected area of a blade was equal to the blade width L v = 0.0055 m (McKone, 2009) divided by the average center-to-center spacing between blades ( S) ( Figure 3A ). In addition, successful canopy capture required that the particle be located close enough to the blade so that it could impact the blade within one time-step, which was equal to the longitudinal particle excursion in one time-step ( x p,i = u z p,i t) divided by the average longitudinal spacing between blades ( S). The capture efficiency (η) was based on the measured efficiency for particle impaction on rigid cylinders coated with Vaseline (Palmer et al., 2004) , assuming that the blade width could be substituted for the cylinder diameter:
with the collector Reynolds number Re c = uL v ν . The particle ratio
is the ratio of the particle diameter (d p ) to the blade width, so that Equation (5) indicates that the capture efficiency increases with increasing particle diameter. The impact of pollen grain shape was explored by simulating both filamentous and spherical pollen grains with the same settling velocity and volume. The filamentous pollen grains were given the following attributes based on Ackerman (2002): w s = 3.5e − 6 m/s, L p = 4e − 3 m, B p = 7.5e − 6 m. The spherical pollen grains were given the same settling velocity as the filamentous grains and diameter d p = 3.5e−5 m. To adapt Equation (5) for the filamentous pollen, an effective pollen diameter was determined in the following way. The pollen filaments rotate continuously (Ackerman, 1997) , with the pollen having equal probability of assuming any rotation angle (γ , φ) from the (x, y, z) axes, such that all possible pollen endpoints were evenly distributed over the surface of a sphere. Within each time-step, the effective pollen diameter was assumed to be the projected length of the pollen on the y-axis, so that a pollen grain with its long axis aligned with the y-axis would have an effective diameter equal to L p and a pollen grain with its long axis aligned with the x-axis would have an effective diameter equal to the diameter of the pollen, B p . At each time step, a new particle rotation angle was chosen for each particle from a uniform distribution of all possible pollen positions. Specifically, j and k were chosen from a uniform distribution on (0, 1). Then
The effective pollen diameter was equal to the Cartesian transformation of the pollen position from spherical coordinates, d p = L p sinγ sin φ (Edwards and Penney, 2002) . Using this model, a pollen grain perpendicular to the y-axis would have diameter 0. In order to accommodate the finite width of real pollen grains, the minimum effective diameter was set equal to B p . Multiplying the capture efficiency by the probability that the particle is in the plane of the blade and close enough to contact the blade in one time-step, the probability of particle impaction on a blade surface in one time-step is:
with (a x ) the component of the one-sided blade area projected in the x direction. Similarly, the probability of particle impaction on horizontal surfaces is dp z = min(0, ηa z z p,i ), with the impact of gravitational settling and turbulent transport included in the vertical particle excursion z p,i (Equation 2). Particle impaction on lateral surfaces was neglected due to the relatively smaller blade thickness (1 mm). We used equation 4 in Luhar and Nepf (2011) to describe the current-induced changes in seagrass blade position. To find the component of the blade area projected in the x and z directions at each vertical position, the curved blade posture was broken into linear segments, such that the blade surface was converted to a series of vectors ( Figure 3B ). The projected area in the x direction, P x (z), was found by multiplying the magnitude of the vector segment by the cosine of the angle (cos θ ) between the vertical vector (f ) and the blade position (g(z)) found by dividing the dot product of f and g(z) by the magnitudes of both vectors (cos θ (z) = f ·g(z) |f ||g(z)| , Figure 3B) . Similarly, the projected area in the z direction, P z (z), was found by multiplying the magnitude of the vector segment by the sine of the angle (sin (θ )) between the blade position and the vertical vector. The component of the blade area projected in the x and z directions was found by multiplying the onesided blade area (a) by P x (z) and P z (z), respectively. The probability of particle deposition was the sum of the probability of particle impaction on both the vertical and horizontal surfaces dp = dp x + dp z . To determine if the particle deposited to the canopy during the time-step, a random number, R c , was chosen from a uniform distribution between 0 and 1. If R c was less than or equal to the probability of deposition, the particle deposited to the canopy.
The RDM model was validated using measured profiles of dye concentration along a rigid model canopy (case I in Ghisalberti and Nepf, 2004) . The dye was released at x/h = 0 and z/h = 1 and measured at six downstream longitudinal locations (x/h = 1. 4, 3.9, 6.6, 10.8, 18.0, 27.3) . To represent the neutrally buoyant tracer, the RDM particles were given neutral buoyancy (w s = 0), retention on canopy elements was omitted, and the bed and water surface (z = 0, H) were treated as no-flux boundaries. In order to calculate simulated concentration and mass flux, a vertical column of interrogation boxes (0.02 m long × 0.01 m high) was defined, centered at the longitudinal measurement points. Particles were continuously released until a steady-state particle concentration was established in each box. The concentration, C(z), was found by dividing the steady-state number of particles in each box by the box volume. The mass flux was found by integrating the flux at each box over the water depth,
The validated transport model was used to explore the influence of several factors on pollen transport, including pollen release height within the canopy, pollen shape, interaction with the water surface, submergence depth ratio (H/h), and depthaverage velocity. The flexible meadow parameterizations were used in order to represent the reconfiguration of real seagrass. The selected range of submergence, H/h = 5, 4, 3, 2, 1.5, represented the range observed for Z. marina canopies at our field sites near Nahant and Gloucester, MA, where H/h = 1.5 to 6.25 at the shallow and deep canopy edges. In the field, pollen grains have sometimes been observed to collect at the water surface, forming a connected floating layer that restricts future transport (de Cock, 1980) , while in other instances pollen collected at the surface returned to the water column due to wave and wind action (Ducker et al., 1978; Ruckelshaus, 1996; Ackerman, 1997) . These two conditions were represented in the simulation by different surface boundary conditions. On the one hand, the return of pollen from the water surface into the water column was represented as a no-flux, or reflecting, boundary. On the other hand, the collection of pollen on the water surface was represented as an absorbing (perfect sink) boundary condition. For all cases, the pollen was released at the top of the canopy (z/h = 1).
Genetic Diversity of Seeds Produced on Paired Upper and Lower Inflorescences
Flowering shoots were selected haphazardly, at least 5 meters apart at a depth of approximately 3 m MLLW, from the interior of two Z. marina meadows in northern Massachusetts (Dorothy Cove, Nahant, and Niles Beach, Gloucester). Canopy height (h) ranged from 85 to 135 cm, so that H/h > 2 for all samples. From each flowering shoot (n = 7; 3 from Nahant and 4 from Gloucester), we collected a leaf sample and 6-10 developing seeds from each of two spathes, one from the highest rhipidia and one from the lowest, and the location of those spathes were recorded as the distance above the substrate of the midpoint of the inflorescence. Maternal leaf tissue was frozen at −20 • C until DNA extraction; seeds were frozen at −80 • C. DNA was extracted from leaves by grinding each sample with a Retsch mixer mill MM400 and using the Omega Bio-Tek E.N.Z.A.
R Plant DNA Kit. Individual seeds were ground by hand in microfuge tubes with micro-pestles and DNA was extracted with Chelex 100 (BioRad); samples were incubated at 55 • C for 8-24 h, gently mixed, heated to 98 • C for 10 min, vortexed, centrifuged at 14,000 rpm for 5 min, and the supernatant stored at −20 • C until PCR.
Each seed and maternal shoot was genotyped using 8 microsatellite loci developed for Z. marina and known to be polymorphic for these populations, multiplexed in 3 11 µl PCR reactions (Table 1) . Each reaction consisted of 1 µl DNA template, 5 µl 2X Type-It multiplex master mix (Qiagen), and 0.25 µl of each 10 µM primer. PCR cycling conditions included initial activation/denaturation at 95 • C for 5 min, followed by 28 cycles of 95 • C for 30 s, 60 • C for 90 s, and 72 • C for 30 s, and final extension at 60 • C for 30 min. PCR products were separated on a 3730xl Genetic Analyzer (Applied Biosystems) and fragment analysis was performed using GeneMarker version 2.6 (SoftGenetics).
To compare seed diversity across samples that differed in size (n = 6 to 10 seeds per spathe), we calculated allelic richness (A E ) rarified to the smallest sample size (i.e., 12 alleles) using the program HP-RARE (Kalinowski, 2005) . The program GERUD 2.0 (Jones, 2005) was used to determine the number of unique fathers contributing to each seed set. GERUD uses an exclusion approach to determine the minimum number of sires necessary to produce a given progeny array when the mother's genotype is known, as in our data set. If a progeny array was too complex to solve using all 8 loci, we removed the least informative locus until a solution could be found (Jones, 2005) ; pairs of inflorescences from the same maternal shoot were always analyzed with the same set of loci. We divided the minimum number of unique fathers by the number of seeds genotyped to standardize comparisons across inflorescences with different numbers of seeds and used paired t-tests to compare the diversity of seeds produced on high vs. low inflorescences on each flowering shoot.
RESULTS

Validation of RDM Model
The simulation was validated against vertical profiles of dye concentration measured along a rigid model canopy (case I in Ghisalberti and Nepf, 2004) . To mimic the real tracer, the model particles were assumed to be neutrally buoyant (w s = 0). The measured and modeled concentration fields displayed similar vertical dispersion for x/h ≥ 3.9, where the measured and modeled observations agreed to within 7% (Figure 4) . However, closer to the source, x/H = 1.4, the modeled concentration (Figure 4 , open squares) exhibited greater vertical dispersion than the measured concentration (Figure 4 , solid circles), as the modeled concentration spread over a larger vertical distance with a reduced peak magnitude relative to the measured concentration. The initially smaller rate of dispersion for the real tracer can be explained by the presence of multiple eddy scales within the real system. The vertical distribution of real tracer was initially influenced by turbulence scales smaller than the canopy-scale vortices, and thus experienced slower diffusion. The canopy-scale vortices did not contribute to the diffusion of the real tracer until the real tracer cloud grew to a size comparable to the canopy-scale vortices. In contrast, the simulation applied a constant diffusivity based on the canopy-scale vortices, so that the tracer was effectively influenced by the largest scale of turbulence from the point of release, and thus initially dispersed more rapidly than the real tracer.
Validation of Velocity Model
The velocity model was also validated with field measurements in a Z. marina meadow, as reported in Lacy and WyllieEcheverria (2011, site ED3). The velocity profile was measured at 3 time points over a tidal cycle, resulting in different depthaverage velocity and canopy height h = 0.84, 0.78, 0.61 m and U = 0.032, 0.050, 0.072 m/s (Figure 5 , open circles, triangles, and squares). The frontal area per canopy volume a = 2 m −1 was computed for vertical blades from measurements of blade dimensions and shoot density, with blade width L v = 1 cm. The frontal area per canopy volume was assumed to be constant over the reconfigured canopy height h. As a canopy composed of flexible blades reconfigures, there is decrease in drag predominantly because the pronated component of the blades contribute little to drag. Luhar and Nepf (2011) demonstrated that the drag imparted by a flexible blade can be represented as an equivalent rigid blade of shorter length, called the effective blade length, l e . Since the effective blade is rigid, its imparted drag is described by the drag coefficient for a rigid blade, C D = 1.95 (Luhar and Nepf, 2011) . We assumed that the deflected meadow height (h) was a reasonable approximation for the effective blade length, but acknowledge that this may produce a slight over prediction, based on the comparison shown in Figure  2 in Luhar and Nepf (2013) . The canopy was assumed to be deeply submerged (H/h > 2) based on the reported site elevation of −2 m MLLW. The modeled velocity profile (Figure 5 , solid, dashed, and dash-dot lines) agreed with the measurements to within a maximum difference of 3.8%. The likelihood of outcrossing vs. selfing will depend on the relationship between mean clone size (i.e., the area covered by a given genotype) and the pollen dispersal kernel, both of which will vary among seagrass meadows. However, all else being equal, increased within-meadow pollen dispersal will increase opportunity for pollen to encounter non-self-flowers. Therefore, we are interested in what attributes of the meadow impact the maximum distance traveled before canopy capture. The validated model was used to explore the impact of different flow and morphology parameters on pollen transport. The effect of submergence depth, depth-average velocity, pollen shape, and pollen release height were explored, with canopy parameters a = 2 m −1 , h = 1 m, L v = 1 cm, C D = 1.95 remaining constant for all simulations.
Influence of Submergence Depth H/h on Pollen Transport
The simulation was used to understand the impact of submergence depth on long-distance pollen transport. Filamentous particles were released at z rel /h = 1 for submergence depths H/h = 1.5, 2, 3, 4, 5 in a canopy with u * = 0.01 m/s. As discussed in the methods, two surface boundary conditions were considered, particles rebounding off the water surface ( Figure 6 ) and particles captured by the water surface (Figure 7) . For all submergence depths and for both surface boundary conditions, the number of particles in the water column, N, most of which were above the canopy, decreased with the same dependence on distance, N ∼ x −1/2 (Figures 6, 7) . This dependence arose because the canopy was a strong sink for pollen, so that the in-water concentration of particles was close to zero within the canopy. Then, the loss of particles to the canopy, ∂N/∂x, depends on the vertical turbulent flux of particles toward the canopy, which in turn depends on the vertical gradient of particle concentration, ∂C/∂z, above the canopy, i.e., ∂N/∂x ∼ ∂C/∂z. The remaining particles, N, are distributed above the canopy over the vertical length-scale for diffusion, δ z ∼ x −1/2 , such that the mean concentration above the canopy is C mean ∼ N/δ z . Since the concentration is close to zero in the canopy, ∂C/∂z ∼ C mean /δ z ∼ N/δ 2 z ∼ Nx −1 . Since ∂N/∂x ∼ ∂C/∂z, we can also write ∂N/∂x ∼ Nx −1 , which has the solution N ∼ x −1/2 . The particle number (N) deviated from the x −1/2 dependence when the particles began to interact with the water surface. For the reflecting boundary condition (Figure 6) , the loss of particles to the canopy was accelerated, because the reflected particles were forced back toward the canopy. For example, for the smallest submergence depth, H/h = 1.5 (triangles in Figure 6 ), this transition occurred at x/h = 5, at which point a significant fraction of the particles (26%) had interacted with the surface. For the absorbing boundary condition (Figure 7 ), the transition in particle loss occurred at the same x-positions (i.e., x/h = 5 for H/h = 1.5), but once the particles were captured by the water surface, capture by the canopy ceased, so that the number of particles in the water column stopped decreasing. Particles trapped at the surface could remain in the water column until wave breaking or wind-generated turbulence knocked them free of the surface layer, making them available again for canopy capture. Although wavebreaking is not included in the model, this implied that capture at the water surface is a mechanism that enhanced long-distance dispersal. Particles were evaluated at 10 points spaced equally in log space, (x/h = 0. 05, 0.13, 0.32, 0.80, 2.0, 5.0, 13, 32, 80, 200) . Particles reaching the water surface (z/h = H/h) were considered to be adhered to that boundary, but remaining within the water column. A line illustrating a power law with decay constant −1/2 is plotted for reference (black dashed line). Figures 6, 7 assume the same depth-average velocity for all submergence ratios, whereas in the field, water depth and current speed are typically correlated through the tidal cycle. Therefore, the maximum transport of pollen in the field may not occur at high tide (maximum submergence ratio), but at some intermediate point in the tide with higher velocity. Nevertheless, the general trend of greater pollen transport at greater water depths (greater H/h) would be valid when comparing a meadow across a depth gradient.
Note that the comparisons made in
Influence of Velocity Variation
The impact of variation in the depth-average velocity was considered by varying the canopy shear velocity between u * = 0.001 and 0.02 m/s, based on the range of u * found in four Z. marina meadows (Grizzle et al., 1996; Lacy and WyllieEcheverria, 2011) . Filamentous particles were released in a canopy with H/h = 5, z rel /h = 1, and a reflecting surface boundary condition. Increasing u * was associated with an increase in depth-averaged velocity, U, which spanned 0.8 to 17 cm/s, respectively, for the u * values given above. The vertical diffusivity within the mixing layer was linearly proportional to u and thus u * , and for the range of u * values spanned K z,h = 4 to 80 cm 2 /s 2 , respectively. Because the velocity has higher values above the canopy and lower values within the canopy (Figure 5) , particles that initially escaped the meadow and traveled for some distance above the meadow, where capture could not occur, had the greatest travel distances. The average distance traveled divided by the time spent above the canopy (z/h ≥1) was 0.97, 4.8, 19 cm/s, which was close to the average longitudinal velocity above the canopy for each u * condition ( u| H−h = 0.99, 4.9, 20 cm/s), indicating that longitudinal transport predominantly occurred when particles were located above the canopy.
Particles released in canopies with higher depth-averaged velocity had only slightly greater travel distances. This is shown by a slightly higher number of particles remaining in the water column for larger values of u * at each distance from the release (Figure 8) . Similarly, increasing the depth-average velocity from 0.8 to 17 cm/s increased the number of particles reaching the end of the domain only slightly, from 86 to 146 (Figure 8) . That is, increasing U by a factor of about 20 only increased the number of particles leaving the domain by a factor of about 2. The weak dependence of travel distance on depth-average velocity can be explained by the linear dependence of K z on the velocity shear ( u) and thus on the depth-average velocity (U). Specifically, the ratio K z /U was roughly a constant. Therefore, although increasing U allowed particles above the meadow to advect more quickly away from the source, a comparable increase in K z enhanced particle flux into the meadow, so that the spatial rate of particle capture by the meadow had little dependence on depth-average velocity.
Influence of Pollen Shape
Pollen shape significantly influenced the maximum distances traveled by pollen. Using the same meadow and release conditions (H/h = 5, z rel /h = 1, reflecting surface boundary, u * = 0.01 m/s), the transport of filamentous pollen (L p = 4e − 3 m, B p = 7.5e − 6 m) was compared to that of spherical pollen grains of the same volume and settling velocity, but diameter d p = 3.5e − 5 m (Figure 9 ). The filamentous pollen had significantly higher canopy capture rates, resulting in more of the filamentous pollen remaining closer to its release point. Specifically, for the filamentous pollen over 98% of the pollen was captured by the canopy before the end of the modeled domain, and no particles reached the bed (z = 0). In addition, the filamentous pollen remaining in the water column decays following the x −1/2 dependence, which is consistent with the canopy behaving as a nearly perfect sink (see discussion in section Influence of Submergence Depth H/h on Pollen Transport). In contrast, the spherical pollen was not as efficiently captured by the canopy, and as a result the spatial decline in water column pollen was much slower and specifically did not follow the x −1/2 dependence. Further, only 54% of the spherical pollen grains were captured by the canopy within the modeling domain, and 46% of particles traveled beyond the end of the modeling domain.
Influence of Pollen Release Height, z rel /h
Vertical diffusivity was elevated by canopy-scale vortices within the canopy mixing layer, z 1 ≤ z ≤ z 2 . The importance of this region of elevated diffusivity to pollen transport was explored by varying the pollen release height. The lowest release point (z rel /h = 0.25, Figure 10 ) was below the mixing layer (z rel /h < z 1 /h = 0.49) in a region of reduced diffusivity dominated by blade-scale turbulence. The middle release point (z rel /h = 0.75, Figure 10 ) was within the region affected by both blade-scale and canopy-scale turbulence, which significantly elevated the vertical diffusivity relative to the lower canopy region (Figure 3) . The highest release point was z rel /h = 1, reflecting the location of the highest inflorescences observed within coastal Massachusetts Z. marina canopies [Dorothy Cove, Nahant, MA; Niles Beach, Gloucester, MA; Woods Hole, MA (Ackerman, 1986) ]. For the lowest release point (z rel /h = 0.25), significant canopy capture (63%) occurred close to the release point (x/h < 0.05). Because the vertical diffusivity was low in this region and the release point was far from the top of the canopy, no pollen escaped the canopy from this release point. Specifically, none of the particles traveled more than x/h = 0.43, or roughly 0.43 m. Further, the maximum vertical position achieved by pollen released near the bed was only z/h = 0.29, indicating that pollen released below the mixing layer remained below the mixing layer. The fraction of particles remaining in the water column followed an exponential decay curve, reflecting first-order decay due to the distributed sink formed by the canopy elements. The capture of pollen over such small length-scales makes self-pollination likely. In contrast, at the highest release point (z rel /h = 1), the pollen experienced both higher vertical diffusivity and proximity to the canopy top, both of which facilitated the particles being quickly carried above the canopy, allowing them to avoid canopy capture and experience higher current speeds. Together, this produced much greater travel distances. Specifically, 9% of the pollen released at z rel h = 1 traveled beyond x/h = 5 before canopy capture occurred, with 1.2% (120 particles) reaching the longitudinal extent of the model domain (L = 200h). The tendency to travel greater distances before capture reduces the probability of selfpollination and enhances the probability of genetically diverse, outcrossed seeds. The particles released within the upper canopy region initially followed an exponential decay curve due to the distributed canopy deposition sink, similar to the decay of the particles released at z rel /h = 0.25 (Figure 10 , open squares and diamonds). However, some particles were able to travel above z = h, after which particle deposition followed the pattern of diffusion to a boundary sink, similar to the release at z rel /h = 1, with the number of particles decreasing with x −1/2 .
Genetic Diversity of Seeds Produced on Paired Upper and Lower Inflorescences
All eight loci used were polymorphic, displaying 3-7 alleles with a mean of 5.75 alleles locus −1 . We obtained complete multi-locus genotypes for 125 seeds from seven maternal half-sibling families. The majority of seeds showed Mendelian evidence of outcrossing (i.e., non-maternal alleles at one or more loci), with only 15 of 125 seeds (12%) possessing genotypes consistent with geitonogamous selfing; twice as many of these were found on lower inflorescences than on upper ones (10 vs. 5). Pooling data from both field sites and using a paired approach, we found that both measures of seed diversity tested were greater for inflorescences closer to the top of the canopy. Allelic richness (mean number of alleles per loci) was significantly greater for seeds produced in spadices close to the top of the canopy than those produced lower on the shoot (mean and standard deviation 2.87 ± 0.24 vs. 2.60 ± 0.41; one-tailed paired t-test, p = 0.013), and the difference in allelic richness between sibling seed cohorts tended to increase with increasing linear distance between spadices (Figure 11) . Likewise, the minimum number of unique fathers was greater for 0.13, 0.32, 0.80, 2.0, 5.0, 13, 32, 80, 200) . A line illustrating a power law with decay constant −1/2 is plotted for reference (black dashed line).
seed families collected from upper spadices than from lower ones (3.52 vs. 2.93 fathers/10 seeds; one-tailed paired t-test, p = 0.052).
DISCUSSION
Although vegetative growth historically has been assumed to be the primary mode of reproduction in seagrasses, multiple lines of evidence suggest that recruitment from seed is both more common and more important than previously believed (Kendrick et al., 2012) . For example, significant variation in genetic and genotypic diversity has been documented within and among natural seagrass beds (Williams and Orth, 1998; Olsen et al., 2004; Hughes and Stachowicz, 2009) , and disturbed seagrass meadows often recover at a rate faster than could occur with vegetative propagation alone (Orth et al., 2006) . Further, there is increasing evidence that the genetic diversity and relatedness of seeds influences resulting seedling performance, which highlights the importance of a diverse pollen supply. The fitness costs of self-pollination in Z. marina vary among populations, but experimentally selfed inflorescences often show significantly lower seed set (Ruckelshaus, 1995; Reusch, 2001; Rhode and Duffy, 2004) and reduced seed germination compared to outcrossed inflorescences (Ruckelshaus, 1995; Billingham et al., 2007) . The positive effect of seed diversity can be seen beyond the dichotomy of selfed vs. outcrossed: increased allelic richness in seeds has been shown to increase both primary and secondary production in the field (Reynolds et al., 2012) , and genetically diverse, non-sibling seeds outperformed FIGURE 11 | Difference in allelic richness between seeds collected from upper-and lower-most spadices (rarified to the smallest sample size) increased with increasing distance between inflorescences. n seed = (6 to 10 seeds/spadix) x (2 spadices/maternal shoot) x (7 maternal shoots). Data is available from the authors upon request.
sibling seeds in a greenhouse mesocosm experiment (Randall Hughes et al., 2016) . Thus, the physical processes that affect pollen delivery in the nearshore environment impact both seed quantity and quality, and this can have important ramifications for population dynamics and genetic structure in eelgrass meadows.
The transport distances achieved by the simulated pollen in our model reflected the vertical structure of turbulence within the canopy. Specifically, longitudinal transport over distances greater than x/h = 2 was only possible for pollen released within the region of the upper canopy influenced by canopy-scale vortices (z > z 1 ). The elevated vertical diffusivity within this region carried pollen above the canopy where it experienced higher current speeds and avoided canopy capture until additional longitudinal transport had occurred (Figure 10) . Observations in real eelgrass canopies suggest that Z. marina inflorescences are located in the vertical zone influenced by canopy scale vortices, suggesting that reproductive stalk resources were directed toward release points that can benefit from higher vertical diffusivity. For example, at our field site, the lowest spadices ranged from z/h = 0.36 to 0.64 in meadows for which the corresponding z 1 /h = 0.31 to 0.53 was estimated based on the non-dimensional meadow density,
That is, the spadices were all located within the zone influenced by canopy-scale vortices, z > z 1 . Similarly, the vertical extent of inflorescences in a Z. marina canopy reported by Ackerman (1986) extended from z h = 0.3 to 1, which corresponds with z/h > z 1 /h = 0.31, estimated from the non-dimensional meadow density (ah). Over the range of reported dimensionless Z. marina meadow densities (ah = 0.1-3, based on data provided in Dennison and Alberte, 1982; Chandler et al., 1996; Moore, 2004; McKone, 2009; Lacy and Wyllie-Echeverria, 2011; Infantes et al., 2012; Hansen and Reidenbach, 2013; Reidenbach and Thomas, 2018) , z 1 /h = 0 to 0.6. This suggests that in some sparse canopies (ah 0.5), the canopy-scale vortices penetrate to the bed (z 1 = 0) and spadices over the entire meadow would experience elevated diffusivity. However, for dense canopies, inflorescences located below z 1 would experience reduced diffusivity, resulting in much shorter distances for pollen transport.
The effect of vertical flow structure observed in the model can also be seen in our empirical data on seed diversity. Seeds collected from lower inflorescences had reduced allelic richness relative to seeds produced from higher inflorescences on the same flowering shoot (Figure 11) , consistent with the significantly shorter travel distances for pollen released lower in the canopy in the simulation study. For particles released in the lower canopy, the maximum travel distance predicted was 0.43 m, vs. 5 m and higher for the upper canopy. This difference in travel distance implies that pollen released in the lower canopy is more quickly captured by the canopy and thus has a higher probability of self-pollination. Observed selfing rates in our genotyped seeds were low, as has been found in other eelgrass populations with polyclonal patches (Ruckelshaus, 1995; Reusch et al., 2000; Furman et al., 2015) . However, more putatively selfed seeds were found on lower infloresences than upper ones, and upper inflorescences showed greater paternal diversity, suggesting greater access to diverse pollen sources higher in the canopy.
Overall, the simulated pollen travel distances exhibited a wide range, from essentially zero to distances that extended beyond the end of the model domain (x > 200h = 200 m) indicating that both short-and long-distance fatherhood is possible. Furman et al. (2015) similarly found genetic evidence of a range of father distances through genotyped single seeds from the tallest rhipidium on flowering shoots in a dynamic and patchy eelgrass meadow. Fathers were identified, with pollination found to occur from fathers located 0.57-74 m upstream. The lack of viable parents at distances shorter than 0.57 m was attributed to developmental synchrony of neighboring reproductive shoots. The measured pollen dispersal distance was limited by the study size, indicating the potential for pollen transport over further distances, similar to the fate of the modeled pollen grains that reached the longitudinal extent of the domain. Approximately 63% of modeled pollen particles would have been captured by the canopy within the first 0.57 m after release, suggesting that developmental synchrony would aid in the prevention of selfing over short distances. The model results showed a decrease in particles present in the water column with x −1/2 . Because the probability of pollination is directly related to particle density, the probability of pollination would also depend on x −1/2 , favoring long-distance fatherhood relative to a linear dependence. However, this dependence was also shown to depend on the proximity of the water surface (Figures 6, 7) . Once particles begin to interact with the water surface, which occurred closer to the source when submergence was lower (smaller H/h), then the capture to the canopy was either accelerated (when the water surface reflected the pollen) or shut-off (when the water surface absorbed the pollen).
Global declines in seagrass distributions may be accompanied by shifting depth distributions (e.g., loss in shallow regions due to high temperature episodes, loss at depth due to eutrophication and resulting light reduction). Modeled variation in submergence depth and pollen release height explored how such changes may impact pollen delivery. Particles that reflected off the water surface boundary displayed reduced longitudinal transport relative to the most deeply submerged canopy (H/h = 5) which was not affected by the water surface within the model domain, L = 200h. For the two most shallow cases considered, H/h = 1.5, 2, all particles were captured within the model domain (x/h = 32, 80). In these cases, long-distance fatherhood would be reduced relative to more deeply submerged canopies due to the influence of the surface boundary, which could weaken observed outcrossing rates in shallow canopies relative to more deeply submerged canopies. However, because the surface only affected particle transport after the vertical extent of the plume reached z = H, pollen traveling shorter distances would not be influenced by the surface boundary.
Z. marina produces elongated pollen with length comparable to blade width (L p = 3-5 mm, Ackerman, 2002; L v = 5.5 mm, McKone, 2009) , with a pollen:ovule ration of approximately 10,000:1 (Ackerman, 2002) .The high ratio of pollen length to blade width increased the capture efficiency (Equation 5) of the filamentous pollen grains relative to spherical grains of the same settling velocity. Previous observations (Ackerman, 1997) indicate that the elongated pollen shape increases capture efficiency on flowers as the pollen threads tumble through flowergenerated velocity gradients toward the center of the flower, increasing the incidence of capture on stigmas. High canopy capture rates were reflected in the significantly reduced transport distance for filamentous pollen grains, compared to spherical grains (Figure 9) . In all scenarios simulated in this study, > 91% of the filamentous pollen was captured by the canopy within the model domain (Figure 9 ). The high rate of canopy capture and resulting short travel distances are consistent with previous observations suggesting that the elongated pollen is not optimized for long distance transport (Ackerman, 1986; Zipperle et al., 2011; Kendrick et al., 2012) . The elongated dimension of the filamentous pollen increased the canopy capture rate, promoting successful capture by reproductive stalks, while maintaining a small settling velocity relative to canopy shear stress, w s u * = 0.0002 − 0.004. Particles assigned the same settling velocity and an equivalent spherical diameter that conserved particle mass and density (section Influence of Pollen Shape) displayed reduced canopy deposition, with only 27% of spherical particles becoming captured by the canopy before the end of the modeling domain, L = 200h. Pollen with these characteristics would be expected to experience reduced pollination efficiency within a meadow (L < 200h), because over half the pollen released would exit the longitudinal extent of the meadow before becoming captured by the canopy. In contrast, larger particles with a higher settling velocity, as is seen in some terrestrial species such as ragweed ( Pan et al., 2014) could experience reduced longitudinal transport following periods of slack water as some particles could settle out of the water column. Recall that the canopy capture model used in this study was modified from a model based on observed capture of spherical particles on cylindrical collectors (Palmer et al., 2004) . To improve the canopy capture model, future experiments should be done with filamentous pollen and flexible blade collectors. It is possible that canopy capture on vegetative blades may be reduced due to interaction of the pollen coating and vegetative blade surface, as some sources note that pollen grains may slide off of vegetative blades under some conditions (Ackerman, 2002) . These additional aspects should be considered in future research in order to improve characterizations of pollen transport.
To conclude, in this study, field samples of seeds on paired inflorescences and numerical simulations of pollen transport together demonstrated the connection between reduced incanopy transport of pollen particles and reduced seed diversity. Pollen released in the lower canopy had significantly reduced longitudinal transport compared to pollen released in the upper canopy, which traveled for extended periods above the canopy. Consistent with this, seeds from lower inflorescences had reduced allelic richness relative to seeds produced from higher inflorescences. The transport distance of modeled pollen grains increased with increasing submergence depth, owing to the greater availability of flow space above the meadow in which pollen could travel without the likelihood of becoming captured by the canopy. Finally, paired simulations of filamentous and spherical pollen grains showed that filamentous grains were more rapidly captured by the blades, resulting in significantly shorter travel distances for most particles, consistent with conclusions drawn from previous field studies that filamentous pollen favors shorter dispersal distances (Ackerman, 1986) . The results in this study highlight the importance of the physical processes of advection, diffusion, and interception in determining the travel distance of pollen grains and canopy genetic diversity.
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